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A procedure for predicting disutility associated with injury severity outcomes for occupants 
of vehicles impacting longitudinal road safety barriers is not well established. Roadside 
hazard management procedures use results from empirical studies of generic barrier types. 
Published literature suggests that the injury severity outcomes of vehicle-barrier interactions 
are more complex, and are a function of (among other things) impacting vehicle mass, impact 
speed and impact angle, and a road safety barrier system’s stiffness (resistance to deflection). 
Presented is an exploration of the feasibility of a structural model that could be used 
to predict occupant injury outcome disutility arising from tracking light passenger vehicle 
impacts with road safety barriers as a function of the impact configuration and stiffness of the 
road safety barrier system. 
The study concludes that such a structural model is feasible subject to development 
of a satisfactory link between barrier stiffness and likelihood of impact configuration and 
injury outcomes. The use of Head Impact Criterion (HIC) as a proxy to link vehicle 
accelerations to injury outcome is considered to show promise. 
Calibration of such a model would require reporting of the impacted barrier in terms 
of the factors that are expected to influence system stiffness as well as the configuration of 
impact (vehicle mass, impact speed and angle) and the geometric circumstances 
(cross-section, number of lanes, lateral offset). Other variables expected to contribute to 
occupant injury outcomes such as vehicle age and safety rating, number of occupants and 
mode of impact (tracking or non-tracking) should also be collected. 
 
 
INTRODUCTION 
 
Technical governance in Australia recognises three generic road safety barrier types discerned by 
stiffness. The Austroads Guide to Road Design Part 6 (1) describes road safety barriers as flexible, 
semi-rigid or rigid. Australian/New Zealand Standard AS/NZS 3845.1:2015 (2) adopts these same 
descriptions. The rigid classification includes concrete barriers and steel bridge rail barriers. 
Flexible barriers are typically wire rope (cable) barriers, while semi-rigid barriers include 
post-mounted steel rail systems. 
With a few exceptions, published literature is generally similarly undiscerning. In the 
Australian context, Nilsson and Prior (3) report on the use of road safety barrier in New South 
Wales and compare wire rope safety barrier, steel guardrail and concrete barrier. Jurewicz et al (4) 
provide Fatal and Serious Injury (FSI) ratios for each of these three generic road safety barrier 
types, while the Australian National Risk Assessment Model (ANRAM) (5) provides risk factors 
for three generic barrier types, viz, ‘concrete’, ‘metal’ and ‘wire rope’. Bambach, Mitchell and 
Mattos (6) compare outcomes for car drivers and motorcyclists in impacts with different roadside 
Burbridge and Troutbeck  251 
 
 
objects, including wire rope, w-beam and concrete barriers. Internationally, Beaton and Field (7) 
provide definitions for flexible, semi-rigid and rigid barriers. Holdridge et al (8) present an 
analysis of the in-service performance of roadside hardware on the entire urban State Route system 
in Washington State, and include data for guardrail and concrete. Hu and Donnell (9) present a 
study of the severity of median barrier crashes from rural divided highways in North Carolina, and 
report outcomes in terms of cable, guardrail and concrete barrier. Chitturi et al (10) present 
analysis of all cross-median and median-barrier crashes in Wisconsin from 2001 to 2007 and 
report outcomes in terms of concrete, cable and guardrail. Zou et al (11) report on single-vehicle 
crashes on segments of the Indiana road network and discern barriers in terms of cable, guardrail 
and concrete. Karim et al (12) report on injury outcomes resulting from barrier collisions in 
Sweden, and report injury rates disaggregated by barrier type: w-beam, cable and concrete. 
However, there is evidence that road safety barriers may not fit such discrete categories. 
Michie et al (13) conclude that “vehicle acceleration and vehicle damage were somewhat higher 
for the relatively rigid G4 system than for the G2… system”. Similarly, Ray and Weir (14) observe 
no difference between the performance of G1 cable and G2 weak-post w-beam guardrail or G1 and 
G4(1W) strong-post w-beam but that injuries were less common in collisions with a G1 guardrail 
than in collisions with G4(1W) strong-post w-beam. Martin et al (15) differentiate barrier types by 
(among other things) rail type, post type and post spacing. Soltani et al (16) present an analysis of 
semi-rigid barriers, discerning on the basis of deflection. Ray et al (17) distinguish in terms of 
aggressiveness between high-tension and low-tension cable (wire rope) barrier systems.  
Published literature also suggests that barrier aggressiveness may be a function of the 
impact configuration and cross-sectional geometry. Michie et al (13) find that rigid barrier 
performs favourably when compared to semi-rigid systems in shallow angle (< 15 degrees) 
impacts, and that in tests where the barrier was repeatedly struck at 50 mph at 8 degrees “no 
vehicle damage or driver injuries were observed”. However in large angle (> 20 degrees) impacts, 
vehicle redirection is described as “abrupt”. This is consistent with Bronstad et al (18) who find 
that 15 degree impacts are not a discerning test for occupant risk, but that 20 degree impacts are a 
discerning test. Ydenius et al (19) report on observations from parametric testing that impact with 
concrete barrier at 80 km/h and 45 degrees was the most severe impact configuration in terms of all 
metrics employed, but “at slight impact angles (< 20°) the perpendicular forces on the barrier are 
relatively small, which most likely leads to a moderate vehicle crash severity”. Sicking and Ross 
(20) show how severity index (as a vector to accident costs) from impacts into w-beam guardrail 
are predicted to vary as a function of impact speed and angle. Also Michie et al (13) find that 
vehicle mass is “a most important parameter” and that lighter vehicles are likely to experience 
more severe redirection. Doecke and Woolley (21) state “ideally the barrier would be placed as 
close to the edge of road as practical to reduce the angle at which it may be struck”. Burbridge and 
Troutbeck (22) likewise observe that occupant injury risk may be expected to increase with 
increasing barrier offset. In summary, occupant outcomes may be a function of the cross-sectional 
geometry, which influences the speed and angle of impacts that may occur. Burbridge and 
Troutbeck (23) conclude that “occupant risk… is likely to be a function of the speed, mass and 
angle of the impact as well as the stiffness of the system” and that “it would be appropriate in 
empirical studies of in-service performance to report the detail of the barrier in terms of the 
factors that might be expected to influence stiffness of the system (for example post spacing, post 
type, rope configuration and tension) as well as the configuration of the impact (vehicle mass, 
impact speed and impact angle)”. 
Ray et al (17) present a methodology for calculating economic disutility in terms of 
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Equivalent Fatal Crash Cost Ratio (EFCCR). EFCCR is a dimensionless measure of the 
aggressiveness of a roadside object computed from crash data by dividing the average severity cost 
arising from all impacts (including allowance for unreported crashes) by the cost of a fatal crash. 
When EFFCR equals unity, the economic costs of a crash are equal to the value assigned to a 
fatality. In the Roadside Safety Analysis Program (RSAP) (17) the aggressiveness of different 
barrier types is defined in terms of EFCCR, based on empirical data from collected studies. The 
values reported by Ray et al (17) vary broadly and differently for different barrier types suggesting 
that there may be unexplained site, traffic, barrier or other variables that affect the computed 
values of EFCCR. As such, the transfer of a nominated value for EFCCR from one site to another 
may be inappropriate if, for example, the cross-sectional geometry or the traffic composition or the 
stiffness of the barrier is different to those on which the nominated EFCCR value is based. 
Bonneson and Ivan (24) suggest that a structural modeling approach to estimating safety 
might be preferable to a statistical or empirical approach on the basis that “it provides a framework 
for scientific advancement and a transparency to the interpretation of causal dependencies”.  
Gabauer and Gabler (25) describe efforts to correlate the occupant risk indicator 
Acceleration Severity Index (ASI) directly with occupant injury, finding that “ASI, at least with 
respect to the preferred threshold, is a good indicator of occupant injury to belted and 
airbag-restrained occupants involved in frontal collisions”, although the work does not have 
application across all injury strata.  
In summary, a useful advancement would be to be able to predict ASI, and so to predict the 
full range of occupant injury outcomes for any vehicle-barrier impact. In the context of light 
vehicle occupant injury as a consequence of impact with a road safety barrier, published literature 
suggests that aspects such as cross-sectional geometry, traffic composition and barrier stiffness are 
relevant parameters in such a model. A structural modeling approach to the derivation of EFCCR 
may explain differences in values reported from empirical studies. 
 
 
AIM 
 
The aim of this study was through review of existing knowledge to consider the feasibility of 
developing a conceptual numerical procedure (in the form of a probabilistic causal model) that 
may be used to predict occupant injury disutility arising from light passenger vehicle impacts with 
road safety barriers. The objectives were as follows: 
 
1. Explore prediction of ASI as a function of the impacting vehicle mass, impact speed 
and impact angle, and a road safety barrier system’s resistance to deflection;  
2. Explore development of a module that uses the computed ASI from the primary 
module to predict occupant injury outcomes via the proxy of the 15 millisecond Head Impact 
Criterion (HIC15); 
3. Explore development of a module that uses the derived HIC15 to compute Effective 
Crash Cost Ratio (EFCCR). 
4. Explore development of module that predicts occupant injury disutility as a function of 
crash configuration (in terms of mass, speed and angle) and barrier stiffness. 
The paper is divided into four sections that respectively address each of these components. 
 
  1 
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PREDICTING ACCELERATION SEVERITY INDEX (ASI) 
 
Acceleration Severity Index is a non-dimensional occupant severity indicator calculated from 
orthogonal time-averaged time-acceleration traces measured during crash testing at the centre of 
mass of the impacting vehicle. ASI is calculated using Equation 1 (25). 
 
ܣܵܫ = ݉ܽݔ ቈቀ௔ೣ௔ොೣቁ
ଶ + ൬௔೤௔ො೤൰
ଶ
+ ቀ௔೥௔ො೥ቁ
ଶ቉
భ
మ
 (1) 
 
where ܽ௫,௬,௭ are average component vehicle accelerations respectively in the longitudinal, lateral 
and vertical direction measured over a prescribed time interval (50 milliseconds), and ොܽ௫,௬,௭ are 
corresponding threshold values for the respective component accelerations (25). The denominator 
values for the component threshold accelerations ොܽ௫,௬,௭ as adopted in both the US and European 
test protocols are respectively ොܽ௫ = 12g, ොܽ௬ = 9g and ොܽ௭ = 10g (and g = acceleration due to 
gravity). 
Burbridge and Troutbeck (23) investigate ASI values returned from full scale crash tests of 
longitudinal barriers conducted typically in accordance with NCHRP Report 350 (26). The results 
in Figure 1 are plots of ASI plotted against “flexibility” (the reciprocal of stiffness, computed as 
the ratio of recorded dynamic deflection divided by Impact Severity (calculated by Equation 2)) 
for a number of reported crash tests.  
 
ܫܵ௠,௩,ఏ = 1 2000ൗ ݉(ݒ. ݏ݅݊ ߠ)ଶ (2) 
 
where 
 
IS = impact severity (kJ) 
m = vehicle mass (kg) 
v = vehicle speed (ms-1) 
θ = impact angle (degrees) 
 
In panel (a) the results are disaggregated by barrier type, and in panel (b) the same results 
are disaggregated by nominal test conditions. Panel (b) suggests that there is a relationship 
between barrier flexibility and the ASI value recorded during crash testing, and moreover that ASI 
appears to be inversely proportional to barrier flexibility. The results for the nominal 8000 kg, 80 
km/h, 15 degree tests for example indicate a distinct decay curve, as do the results from the two 
other nominal crash test configurations. The following observations are apparent: 
 
(i) ASI is highest for the lightest (kg) vehicle impacts (nominally 820 kg at 100 km/h and 
20 degrees). 
(ii) ASI is lowest for the heaviest (kg) vehicle impacts (nominally 8 tonnes at 80 km/h and 
15 degrees). 
 
Notably the lowest values of ASI are also returned from impacts with the lowest impact 
speeds and highest for the highest impact speeds. Also, the effect of the flexibility (or stiffness) of 
the barrier is evident in the shape of the curve for each impact configuration. This is consistent  
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FIGURE 1  ASI v flexibility for 60 crash tests [adapted from Burbridge and Troutbeck (23)]: 
(a) depicts results disaggregated by barrier type and (b) depicts results disaggregated by 
nominal configuration of the crash test. 
 
 
with Anghileri et al (27) who report a “weak correlation between … ASI and dynamic deflection”. 
Burbridge and Troutbeck (23) make the following observations: 
 
(i) The shape of the ASI-flexibility curve is flattest for the lowest angle impact (15 
degrees). 
(ii) The shape of the ASI-flexibility curve is steepest for the highest angle impact (25 
degrees). 
 
The authors hypothesize that occupant severity indicator ASI may be expected to increase 
as a function of: 
 
• Decreasing vehicle mass 
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• Increasing impact speed 
• Increasing impact angle 
• Increasing barrier stiffness 
 
The hypothesized function is represented in Equation 3. This equation is not solved here. If 
solved however, and it is reiterated that FIGURE 1b suggests that it may have a solution, then it 
may be possible to predict ASI if vehicle mass, impact speed, impact angle and barrier stiffness are 
known.  
 
ܣܵܫ = ݂(݉, ݒ, ߠ, ݏ) (3) 
 
 
PREDICTING HEAD IMPACT CRITERION (HIC) FROM ASI 
 
Head Impact Criterion (HIC) is a quantitative indicator of head injury risk calculated using the 
results from data recorded at the centre of gravity of the head of an anthropomorphic test device 
(ATD)(an instrumented crash test dummy). HIC is calculated according to the expression in 
Equation 4: 
 1 
ܪܫܥ(௧మି௧భ) = ݉ܽݔ௧మି௧భ ൝(ݐଶ − ݐଵ) ቈ
1
(ݐଶ − ݐଵ)න ܽ(ݐ)݀ݐ
௧మ
௧భ
቉
ଶ.ହ
ൡ (4)
 
where ܽ(ݐ) is the acceleration of the head of the ATD in terms of the gravitational constant (g), ݐଵ 
and ݐଶ are any two arbitrary times during the acceleration pulse such that ݐଵ is earlier than ݐଶ by a 
predetermined interval, and ܪܫܥ(௧మି௧భ) is the Head Impact Criterion for a time interval reported in 
milliseconds. If the time interval ݐଶ minus ݐଵ is 15 milliseconds, then the expression returns the 
15-millisecond Head Impact Criterion (HIC15). 
Several studies report on the possibility of a relationship between ASI and HIC. Naing et al 
(28) and Klootwijk and Hoogvelt (29) report a linear relationship between 36 millisecond HIC 
(HIC36) and ASI, and claim that ASI is a reasonable predictor of injury in guardrail impacts. Sturt 
and Fell (30) report results for HIC36 and ASI in impacts with concrete step barrier, which are 
reported by Roque and Cardoso (31) as an exponential form, and which Roque and Cardoso 
contend underestimate occupant severity outcomes. Barrier comparison testing reported by 
Hammonds and Troutbeck (32) indicate similar results to those reported by Sturt and Fell for 
HIC36 measured in impacts with 810 mm high “F” shape barriers. Notably Hammonds and 
Troutbeck state that as the Hybrid III anthropomorphic test device (ATD) is designed for frontal 
impact testing, care should be taken with interpreting results as crash testing generates lateral 
forces that may not necessarily be reflected in the results of the ATD. Anghileri et al (27) caution 
similarly. Li et al (33) report a polynomial relationship between ASI and HIC15 for impacts with 
concrete New Jersey shape barrier, and an exponential relationship for impacts with w-beam 
barrier. The authors qualify that the observations should not be regarded as definitive and 
recommend that discrepancies observed between vehicle response criteria (e.g., ASI) and occupant 
responses (e.g., HIC) reinforce the need to use occupant responses directly in the evaluation of 
road safety barriers. Roque and Cardoso (31) also report the findings based on nine “lateral crush 
tests” conducted by Shojaati (34) as an exponential form although it is not explicit what time 
256 TR Circular E-C220: First International Roadside Safety Conference 
 
 
interval is used in the calculation of HIC. 
In summary, there is a body of work exploring the notion that some relationship between 
ASI and HIC exists, and that published literature suggests that this would likely be an exponential 
or power relationship. And so on the basis that HIC may offer a means to translate ASI to head 
injury there is evident value in pursuing a model that uses ASI to predict Head Impact Criterion. 
 
 
PREDICTING OCCUPANT INJURY FROM HIC 
 
It is worth acknowledging that Head Impact Criterion as a vector to occupant injury does attract 
some disquiet. Newman (35) presents a synthesis of literature pertaining to the use of HIC 
concluding that “the use of HIC in automotive crash testing is fundamentally wrong”. Among 
other things, Newman is concerned about the lack of any functional relationship “between human 
head injury, cadaver and ATD head acceleration and time”, and moreover that there is only a low 
correlation between HIC and head injury. This is consistent with Brell’s later observation that there 
is absence of a valid causal chain to explain correlation with test data (36). 
But despite the criticism, the Head Impact Criterion does enjoy “legislative imprimatur” 
(36), and further, curves are developed which estimate head injury risk in frontal impacts in terms 
of the Abbreviated Injury Scale (AIS) (37) as a function of the 15 millisecond Head Impact 
Criterion (38). These curves, called the Expanded Prasad-Mertz curves are described by the 
general expression in Equation 5 (38) and are plotted here in Figure 2. 
 
݌(݆݅݊ݑݎݕ ≥ ܣܫܵ	݆) = ቈ1 + ݁൬ቀఈೕାଶ଴଴ ுூ஼భఱൗ ቁିఉೕ×ுூ஼భఱ൰቉
ିଵ
 (5)
where  
 
 n = injury level, ranging from 1 to 6, and where injury level 6 represents a fatality. 
αj, βj = constants, values for which are provided in (38). 
 
Hence, for any value of HIC15, the probability of injury level “j” is calculated by Equation 
6. 
 
݌(݆݅݊ݑݎݕ = 	ܣܫܵ	݆) = 	݌(݆݅݊ݑݎݕ ≥ ܣܫܵ ݆) − ݌൫݆݅݊ݑݎݕ ≥ ܣܫܵ (݆ + 1)൯ (6)
 
And since the probability of all injury outcomes (including no injury) is unity, the 
probability of a Property Damage Only (PDO) outcome is calculated by Equation 7. 
݌(ܲܦܱ) = 1 −෍݌
଺
௝ୀଵ
(݆݅݊ݑݎݕ = 	ܣܫܵ ݆) (7)
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FIGURE 2  Expanded Prasad-Mertz curves (constructed from 38). 
 
 
Translating Injury to an Economic Cost 
 
Trottenberg and Rivkin (39) provide relative disutility factors (RDF) stratified by injury severity 
level in terms of the Abbreviated Injury Scale (AIS) (37). The factors are used to multiply the 
value of a statistical life to obtain the values of preventing such injuries. No value is assigned to a 
non-injurious outcome. However, a crash without injury does have economic consequence. Based 
on the summary of comprehensive unit costs from reported and unreported crashes published by 
Blincoe et al (40), the cost (in 2010 dollars) of a property damage only (PDO) outcome is $3,862, 
which is 0.0004223 times the value of a fatality: $9,145,998. Hence, for the purpose of this model, 
the value of a PDO outcome can be assigned a relative disutility factor of 0.0004223. These 
relative disutility factors are provided for each injury severity level in TABLE 1. 
Since vehicle occupancy may be greater than one, actual disutility from a single crash 
event may exceed the disutility associated with one fatality. Hence, a factor (ϕ) representing 
vehicle occupancy is applied and the disutility value (DV) for any given value of HIC15 is 
computed by Equation 8. 
This assumption of a single value multiplier for vehicle occupancy may be simplistic for 
two reasons. First, in analysis of treatment costs associated with injuries due to vehicle impacts 
into fixed objects Bambach et al (6) observe that mean injury costs for passengers were “greater 
for w-beam and wire rope barriers” compared to mean injury costs for drivers. Second, the 
assumption is that occupancy is independent of other input parameters, whereas it may be (for 
example) that larger (heavier) vehicles have higher occupancy than smaller (lighter) vehicles. This 
deserves further exploration. 
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TABLE 1  Relative Disutility Values by Injury Level 
Injury  
Level 
 
Severity 
Relative Disutility 
Factor (RDF) 
 
Source 
PDO PDO 0.0004223 Derived from Blincoe et al (40)
AIS 1 Minor 0.003 
Trottenberg and Rivkin (39) 
AIS 2 Moderate 0.047 
AIS 3 Serious 0.105 
AIS 4 Severe 0.266 
AIS 5 Critical 0.593 
AIS 6 Unsurvivable 1.000 
 
ܦ ுܸூ஼భఱ = ߶ ×෍൛݌൫ܣܫܵ = ݆ுூ஼భఱ൯ × ൫ܴܦܨ஺ூௌ ௝൯ൟ
଺
௝ୀଵ
+ ݌(ܲܦܱ) × 0.0004223 (8)
 
Nevertheless, since disutility value is measured in terms of the proportional cost of a 
fatality, EFCCR = DV. So, for example, adopting an average vehicle occupancy (φ) of 1.25 persons 
per vehicle (based on Queensland (41)), the ceiling on relative disutility would be 1.25. 
Substituting EFCCR for disutility value at Equation 8, EFCCR as a function of HIC15 can be 
computed. Figure 3 shows computed EFCCR plotted against HIC15 by this method. 
 
 
COMPUTING OCCUPANT INJURY DISUTILITY 
 
Predicting barrier impact conditions 
 
Roadway departure conditions are studied variously. Mak et al (42) report roadway departure 
conditions associated with serious ran-off road crashes, finding that roadway departure speeds are 
normally distributed, while roadway departure angle can be modeled using a gamma distribution 
fit to the square root of departure angle, and that departure angle and departure speed can be 
considered to be independent. 
 
 
 
FIGURE 3  EFCCR v HIC15. Note that an EFCCR value of 1.25 is a ceiling value based on 
an assumed vehicle occupancy of 1.25 [based on values for Queensland (41)]. 
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Assuming that a road safety barrier exists at the point of roadway departure, lateral Impact 
Severity as a function of vehicle mass, speed and angle may be calculated (Equation 2), and 
assuming that mass and speed and angle are independent, the probability of that impact condition 
is given by Equation 9. Risk measured in terms of Impact Severity is the product of likelihood and 
consequence, and is the product of Equations 2 and 9 (Equation 10). 
 
݌൫ܫܵ௠,௩,ఏ൯ = ݌(݉) × ݌(ݒ) × ݌(ߠ)   (9)
 
ܴ݅ݏ݇ = ݌൫ܫܵ௠,௩,ఏ൯ × ൫ܫܵ௠,௩,ఏ൯ (10)
 
The point-mass model may be used to calculate the maximum departure/impact angle that 
can be attained for any given vehicle speed for any cross-sectional geometry (lane configuration 
and shoulder width) and tyre-pavement friction (43). Maximum departure/impact angle is given by 
the expression in Equation 11 (adapted from (44)). 
 
ߠ௠௔௫ = ܽݎܿܿ݋ݏ ቀ1 −
ߤ݃ݏ
ݒଶ ቁ (11)
 
where 
 
θmax = limiting roadway departure angle (degrees) 
μ  = coefficient of tyre-pavement friction 
g  = gravitational constant g (ms-2) 
s  = distance from vehicle centreline to road safety barrier (m) 
v  = vehicle speed (ms-1) 
 
The point-mass model can be used to “cap” departure conditions by eliminating those 
combinations of conditions that are unrealistic. For any combination of cross-section geometry 
(lane configuration), shoulder width and tyre-pavement friction, the combined probability 
distribution of speed and angle is truncated and then normalized so that the area under the 
combined probability surface has an aggregate value equal to unity.  
Adoption of Equation 11 to implement a capped impact angle model excludes the 
possibility of a “double yaw” in which a vehicle departs initially to one side before recovering to 
leave the road on the opposite side (see Doecke and Woolley (21)). Equation 11 also assumes that 
the coefficient of friction is constant and by implication that the shoulder has the same friction as 
the trafficked pavement. As barrier is usually situated close to the trafficked pavement, this is not 
considered to be a significant issue.  
 
Establishing Light Vehicle Mass-Frequency Distribution  
 
Burbridge and Troutbeck (45) present an argument that vehicle registrations or sales are not 
necessarily representative of vehicle usage. Some vehicles or vehicle types may be used more or 
less frequently than others, and the prevalence of some vehicle variants or types may vary across a 
road network. As such, using registrations (or sales) may not represent true exposure. Further, in 
terms of barrier performance, the effective inertial mass of an impacting vehicle is almost certainly 
higher than the recorded tare mass. In-service vehicle payload, including restrained occupants, 
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cargo, fuel and fluids, and any after-sale modifications (e.g., bull bars, roof racks, toolboxes) may 
represent a significant additional contribution to the inertial mass during a barrier impact. A more 
realistic measure might be obtained from site-specific weigh-in-motion (WIM) data, as indicated 
by Burbridge and Troutbeck (22).  
 
Calculating EFCCR 
 
For a given barrier stiffness, relative occupant injury disutility in terms of EFCCR associated with 
any combination of vehicle mass, departure speed and departure angle is calculated by substituting 
the disutility value calculated in accordance with Equation 8 for the ISm,v,θ term in Equation 10 for 
any combination of mass, speed and angle (see Equation 12). 
 
ܧܨܥܥܴ௠,௩,ఏ = ݌൫ܫܵ௠,௩,ఏ൯ × ܦ ுܸூ஼భఱ(௠,௩,ఏ) (12)
 
Total severity (also measured in terms of EFCCR) is then aggregated across all 
combinations of mass, speed and angle using the expression in Equation 13.  
 
ܧܨܥܥܴ	 = ෍ ෍ ෍ ܧܨܥܥܴ௠,௩,ఏ
ఏ೘ೌೣ
ఏୀ଴
௩೘ೌೣ
௩ୀ଴
௠೘ೌೣ
௠೘೔೙
 (13)
 
 1 
DISCUSSION 
 
The basis of the procedure is that the occupant risk indicator ASI as measured during crash testing 
can be predicted for any crash event and that occupant injury outcomes and hence economic 
disutility can be derived via the proxy of the head impact criterion (HIC). Some acknowledged 
limitations are introduced here. 
Firstly, the model is incomplete in the sense that while ASI is hypothesized to be a function 
of impacting vehicle mass, speed and angle and barrier stiffness, the relationship is not solved.  
Then, the ASI function (at Equation 3) assumes that all vehicles are equal, and does not 
allow for differential stiffness between vehicles. Further, given the same ASI, a vehicle with a 
higher safety rating might be expected to provide better occupant protection (e.g., airbags) than a 
vehicle with a lower safety rating. The point here is that the transformation from ASI to AIS is not 
likely to be identical for all vehicles. 
Further points deserving attention are that road departure conditions may not be 
independent of mass, and that because full-scale crash test impacts (which are the basis of the 
model) are tracking frontal impacts, the model may not have immediate application to 
non-tracking or side impacts. 
In terms of the translation of ASI to injury, the model is premised on occupant head injury 
being an indicator of whole of body injury. Viano and Arepally (46) suggest a weighted injury risk 
assessment for head, chest and femurs in the ratios 60:35:5. Schmitt et al (37) summarise the US 
Federal Motor Vehicle Safety Standards thresholds for head, neck, thorax and femur in frontal 
impacts and for head, thorax abdomen and pelvis in side-impacts. Eppinger et al (47) describe the 
frontal-impact combined thoracic index (CTI) as a combination of chest accelerations and chest 
deflections, and include injury probability curves for CTI values for strata on the Abbreviated 
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Injury Scale from AIS≥2 to AIS≥5. While Li et al (33) have made efforts to correlate maximum 
chest compression (MCC) with ASI (albeit with some reservation) a mechanism to translate 
vehicular accelerations to CTI is unknown. In this regard, the model would likely benefit from 
research undertaken in the field of Advanced Automatic Collision Notification (AACN), for 
example by Maika et al (48), wherein head injury is not the only injury considered. 
This all deserves further exploration in any future development of the model. Nonetheless, 
in its current form, as a basis for a structural modeling approach to calculating light vehicle 
occupant injury disutility, the model might be adequate to explain variation in empirically 
determined values for barrier aggressiveness in tracking impacts. 
Figure 4 shows for example EFCCR65 (as described by Ray et al (17)) plotted against 
“flexibility” (the reciprocal of stiffness) for a selection of generic barrier types. Values of EFCCR65 
are taken from (17), while “flexibility” is approximated from Figure 1a. In summary, the range of 
injury outcomes is expected to be much broader for rigid barrier than for more flexible barriers, 
while greater lateral offset permits higher combinations of impact speed and angle, the 
consequences of which appear to be exacerbated by barrier stiffness. This is expected to explain 
the ranges of EFCCR65 values presented in Figure 4. 
It is suggested that re-analysis of the contributing empirical data would be useful to inform 
the model. 
It is proposed that immediate further work required is as follows: 
 
1. Solve Equation 2 so that ASI can be computed as a function of vehicle mass, impact 
speed, impact angle and barrier flexibility. 
2. Investigate a functional relationship between ASI and AIS for all injury levels, whether 
via the proxy of HIC or not. 
 
 
CONCLUSION 
 
The aim of this study was to explore through review of existing knowledge the feasibility of 
developing a conceptual numerical procedure (in the form of a probabilistic causal model) that 
may be used to predict occupant injury disutility arising from light passenger vehicle impacts with 
road safety barriers. 
The framework for such a model has been developed and presented. The key to the model 
is the link between barrier stiffness and likelihood of impact configuration and injury outcomes. 
The use of Head Impact Criterion (HIC) as an interim proxy to link ASI and AIS has been 
considered and shows promise, but linkages via proxies of other injury metrics would lead to a 
more complete model. 
The work indicates that disutility in terms of the Equivalent Fatal Crash Cost Ratio may be 
predictable if the range of crash configurations are known. 
It is concluded that a structural modeling approach is feasible. Calibration of such a model 
would require reporting of the impacted barrier in terms of the factors that are expected to 
influence system stiffness as well as the configuration of impact (vehicle mass, impact speed and 
angle) and the geometric circumstances (cross-section, number of lanes, lateral offset). Other 
variables expected to contribute to occupant injury outcomes such as vehicle age and safety rating, 
and number of occupants should also be collected. 
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FIGURE 4  EFCCR ranges [from Ray et al (17)] for different generic barrier types. Note 
how the range of values diminishes with increasing barrier flexibility. This invites 
exploration/explanation. 
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